Abstract We describe the engineering of stable gold nanoparticle (AuNP) bioconjugates for the detection of staphylococcal enterotoxin A (SEA) using localized surface plasmon resonance (LSPR). Two types of AuNP bioconjugates were prepared by covalently attaching anti-SEA antibody (Ab) or SEA to AuNPs. This was achieved by reacting Traut's reagent with lysine residues of both proteins to generate thiol groups that bind to gold atoms on the AuNP surface. These bioconjugates were characterized in-depth by absorption spectroscopy, cryo-transmission electron microscopy, dynamic light scattering, and zeta potential measurements. Their stability over time was assessed after 1 year storage in the refrigerator at 4°C. Two formats of homogeneous binding assays were set up on the basis of monitoring of LSPR peak shifts resulting from the immunological reaction between the (i) immobilized antibody and free SEA, the direct assay, or (ii) immobilized SEA and free antibody, the competitive assay. In both formats, a correlation between the LSPR band shift and SEA concentration could be established. Though the competitive format did not meet the expected analytical performance, the direct format, the implementation of which was very simple, afforded a specific and sensitive response within a broad dynamic range-nanogram per milliliter to microgram per milliliter. The limit of detection (LOD) of SEA was estimated to equal 5 ng/mL, which was substantially lower than the LOD obtained using a quartz crystal microbalance. Moreover, the analytical performance of AuNP-Ab bioconjugate was preserved after 1 year of storage at 4°C. Finally, the LSPR biosensor was successfully applied to the detection of SEA in milk samples. The homogeneous nanoplasmonic immunosensor described herein provides an attractive alternative for stable and reliable detection of SEA in the nanogram per milliliter range and offers a promising avenue for rapid, easy to implement, and sensitive biotoxin detection.
Introduction
Biotoxins are species produced by microorganisms (bacteria, microalgae) for various purposes. Ingestion of food contaminated by these microorganisms causes various diseases that can, in the worst case, be fatal to humans. For instance, some strains of Staphylococcus aureus produce enteroxins that, when ingested, induce severe gastroenteritis mainly caused by the most frequently encountered enterotoxin serotype, namely, staphylococcal enterotoxin A (SEA) [1, 2] . Therefore, control of food safety all along the production chain is necessary to prevent food poisoning outbreaks. Classical analytical methods to detect biotoxins in food samples are generally time-consuming, require highly trained staff and sophisticated equipment and are therefore carried out in dedicated laboratories. Clearly, there is a need for rapid, specific, and sensitive analytical methods to detect and quantify these biotoxins in food matrices. The unique optical properties of gold nanoparticles (AuNPs) make them very attractive for biosensing platform development due to their localized surface plasmon resonance (LSPR) [3] [4] [5] . The extremely high extinction coefficient of these nanoparticles in the visible spectral range prompted the development of lateral flow immunoassays to visually detect staphylococcal enterotoxins [6, 7] . The LSPR band of gold nanoparticles is also sensitive to local changes of the dielectric environment around them and this property led to the design of homogeneous and solid-phase assays [8] [9] [10] . Another family of AuNP-based biosensing assays relies on the large color change arising from interparticle plasmon coupling during particle aggregation and/or redispersion of the particle aggregates [11, 12] . All these strategies require immobilization/ conjugation of bioreceptors to AuNPs.
Various approaches have been devised to bind antibodies to gold surfaces, including gold nanoparticles. These approaches have been rationalized into 4 different concepts, namely, physical adsorption, covalent binding, use of adapter/capturing molecules and combined ionic and covalent adsorption [13] . While the physical adsorption approach is straightforward, immobilization of biomolecules by covalent binding offers improved stability of the AuNP bioconjugates because of the much stronger bonds between the biomolecule and the supporting particle surface [14] . Furthermore, some strategies enable to conjugate antibodies to AuNP in an oriented manner taking advantage of their oligosaccharide part [15] or via their high affinity association to protein A or protein G [16] .
Herein, we report on homogeneous, washing-free immunoassays for quantitative detection of SEA based on the change of local refractive index at the vicinity of AuNP anti-SEA antibody conjugate upon binding of the target SEA. Gold nanoparticle-antibody and -antigen bioconjugates were engineered by covalent attachment of anti-SEA antibody and SEA through sulfur-gold bonds. To this aim, SEA and anti-SEA antibody were treated by Traut's reagent to convert some of their primary amines to thiol groups followed by conjugation with the AuNP. This strategy was selected because it has been shown to provide stable AuNP-protein bioconjugates [17] while maintaining a short distance between the surface of the AuNP and the bioreceptor. This was followed by in-depth characterization using absorption spectroscopy, cryo-transmission electron microscopy (cryo-TEM), dynamic light scattering (DLS), and zeta potential (ELS) measurements. We also assessed the stability of these bioconjugates after extended period of storage at 4°C. Two formats of homogeneous binding LSPR assays were evaluated: a direct assay where AuNP-Ab were reacted with free SEA, and a competitive assay starting from a mixture AuNP-Ab and AuNP-SEA bioconjugates followed by exposure to free SEA (see Fig. 1 ). The second format is made possible by the multivalence of SEA that has several epitopes to be recognized by polyclonal anti-SEA antibody.
Experimental section
Materials Sodium citrate, gold(III) chloride trihydrate, tannic acid, phosphate-buffered saline (PBS) pH = 7.4 (10 mM phosphate, 2.7 mM KCl, 137 mM NaCl), bovine serum albumin (BSA), β-lactoglobulin B from bovine milk, 2-iminothiolane hydrochloride (Traut's reagent), and staphylococcal enterotoxin A (SEA) were purchased from Sigma-Aldrich. Affinity-purified rabbit polyclonal anti-SEA antibody (anti-SEA, reference in toxin technology catalog: LAI101) was purchased from Toxin Technology (Sarasota, FL, www.toxintechnology.com).
Gold nanoparticles preparation and characterization
Colloidal gold nanoparticles were prepared according to the citrate/tannic acid reduction method adapted from [18] and described previously in [19] . Transmission electron microscopy images of the gold colloids were obtained using a JEOL JEM 1011 microscope operating at an accelerating voltage of 100 kV. Cryo-transmission electron microscopy images were recorded at low temperature (93 K) on ultrascan 2 K CCD camera (Gatan, USA), using a LaB6 JEOL JEM 2100 (JEOL, Japan) cryo microscope operating at 200 kV with a low dose system (minimum dose system, MDS). Statistical distribution was established by counting a minimum of 363 particles for TEM and of 15 particles for cryo-TEM images. Dynamic light scattering (DLS), and zeta potential (ELS) measurements were performed using Litesizer™ 500 apparatus (Anton Paar) equipped with a 658 nm laser operating at 40 mW. The backscattered light collection angle was set at 90°. The zeta potential cuvette has a Ω-shaped capillary tube. The same solutions were used for DLS and ELS measurements. Each sample was analyzed in triplicate and each measurement was an average of three 30 s runs.
Preparation of AuNP bioconjugates AuNP-Ab bioconjugate was engineered using a covalent approach [15, 17, 20, 21] . First, Traut's reagent (85 μM) was reacted with anti-SEA (0.32 mg/mL, 0.55 μM) in 50 mM phosphate buffer pH 8.0 at room temperature to generate sulfhydryl groups [22] . The thiolated antibody was separated from excess Traut's reagent by purification on a gel filtration column (Hitrap desalt 5 mL, GE Healthcare) using PBS as eluent.
Thiolated antibody solution (82 μg/mL, 1.5 mL) was mixed with gold nanoparticles (74.2 nM, 1.5 mL). Then BSA was added to the bioconjugate solution at a final concentration of 0.25% w/v to block non-specific binding sites [23] .
Finally, the biofunctionalized AuNPs were pelleted by centrifugation at 13000 g for 15 min, washed twice to remove unbound and loosely bound Ab and finally resuspended in PBS (3 mL). The concentration of antibody in the first supernatant was assayed by ELISA to estimate the number of Ab bound to AuNPs (see Electronic Supplementary Material (ESM) for experimental details and calculations). The same procedure was applied to prepare AuNP-SEA bioconjugate using a solution of thiolated SEA at 24 μg/mL.
SEA immunosensing
In the direct assay, aliquots of SEA stock solution (6 μL of a 0.1 mg/mL or 1 μg/mL solution in water) were serially added to the AuNP-Ab bioconjugate solution (600 μL, OD 530 = 0.6) in a plastic cuvette. Absorption spectra of the mixtures were measured in real time (millisecond temporal resolution and 10 −2 nm spectral resolution)
using Insplorion XNano II instrument until equilibrium was reached (~60 min). The same procedure was used for the competitive assay except that SEA was replaced by AuNP-SEA bioconjugate. The position of the LSPR band was plotted as a function of time using the software provided with the instrument. Error bars are determined experimentally based on a set of a minimum of three assays.
Milk sample preparation and analysis Skimmed milk was reconstituted by dissolving 5 g of powder milk in 9.5 mL water. The pH of the solution was slowly brought to 4.6 by addition of 1 M HCl to precipitate casein, and the suspension was centrifuged at 2550 g for 40 min. The supernatant was collected and the pH was slowly brought to 7 by addition of 1 M NaOH. The suspension was centrifuged at 10000 g for 20 min, and the resulting supernatant (whey fraction) was spiked with 2 μg/mL SEA. Sample (300 μL) was mixed with AuNP-Ab solution (300 μL, OD 530 = 1) in a plastic cuvette, and the absorption spectrum was recorded every 15 min for up to 95 min on a UV-visible spectrometer (Cary 50, Varian). Mathematical determination of λ max was done according to reference [24] .
Results and discussion
Bioconjugate engineering Citrate-capped gold nanoparticles were first characterized by absorption spectroscopy and transmission electron microscopy (TEM). The resulting data, depicted in the ESM (Fig. S1 ), show a homogeneous distribution with an average particle size of 13.5 ± 1 nm and an LSPR band centered at 520 nm. The hydrodynamic diameter D H estimated by DLS was slightly larger, 18 ± 1 nm and the zeta potential equal to −45.3 ± 1 mV in agreement with previously published data for citrate-capped AuNP [25] . AuNP-Ab and AuNP-SEA bioconjugates were engineered according to an original procedure schematized in Fig. 1 . This coupling method ensures a covalent immobilization of the protein molecules on the surface of the gold nanoparticles by formation of Au-S bonds [21] . It also enables minimizing the distance between the transducer (AuNP) and the bioreceptor (Ab). Indeed, the ability of gold nanoparticles to sense local refractive index changes via LSPR band shift decays rapidly with distance from the gold surface [4] . After reaction and separation of the AuNP by centrifugation, the amount of unbound Ab in the supernatant was found to be very small (2.2 vs 123 μg in the starting solution) as assayed by ELISA (see ESM), confirming the successful conjugation of Ab to AuNP. The final concentration of anti-SEA antibody in the AuNP-Ab solution was estimated 40 μg/mL, and the Ab to AuNP ratio was estimated around 7 (see ESM for calculation details) which is agreement with antibody size versus nanoparticle size (see ESM Fig. S2 and reference [26] ).
Upon covalent attachment of anti-SEA Ab to AuNP, the LSPR band underwent a red-shift of 8 nm (λ max = 528 nm) and an additional shift of 1 nm (λ max = 529 nm) was seen upon further blocking by BSA (Fig. 2) . The same trend was observed upon SEA grafting to the nanoparticles. These results are in agreement with previously published data [27] . The shape and width of the LSPR bands indicate a homogeneous distribution of the particle size that was confirmed by cryo-TEM images (see inserts in Fig. 2A ). Cryo-TEM images also confirmed the colloidal stability of the bioconjugates as no aggregates appeared. Mathematical treatment of cryo-TEM images showed an average size of 13.3 ± 0.7 nm (n = 15) for AuNP-SEA and 14.2 ± 0.7 (n = 15) nm for AuNP-Ab.
The increase of particles size due to the grafted proteins could not be seen by cryo-TEM but was evidenced by DLS measurements as the hydrodynamic diameter of AuNP-Ab and AuNP-SEA increased to 76 ± 1 and 54.6 ± 0.5 nm, respectively ( Fig. 2 ; ESM Table S1 ). As for citrate-coated gold nanoparticles, the hydrodynamic diameter is likely overestimated as the resulting values are larger than expected from geometrical considerations. Indeed, considering the IgG structure (ref [28] and ESM Fig. S2 ), the diameter of gold nanoparticles covered by a monolayer of chemisorbed antibodies should be around 50 nm maximum. The zeta potential of AuNP in PBS pH 7.4 also increased from −45.3 to −18.9 mV after conjugation of Ab (see Fig. 2b and ESM Table S1 ) in agreement with previously reported data [29] . The increase was even larger for AuNP-SEA bioconjugate, −6.3 mV. If the surface of gold particles is fully covered with proteins, the net charge of the conjugate is expected to be close to that of the protein itself [30] . The calculated isoelectric point (pI) of SEA is 6.6 according to the ExPASy database, meaning that the protein should be slightly negatively charged at pH 7.4 in accordance with the Z-potential value given above. The pI of rabbit anti-SEA IgG is unknown, but the purification of rabbit IgG from serum by anion exchange chromatography was previously shown to afford two IgG fractions with pI 5.65-8.7 and 5.5-7.1, respectively [31] . The Z-potential value of the AuNP-Ab conjugate indicates that this antibody is more negatively charged than SEA at pH 7.4, meaning that its pI is probably below 6, that is in the lower range of the intervals given above. To estimate the Z-potential of the anti-SEA Ab, we measured the zeta potential of a rabbit IgG. The resulting value, −16.1 mV, was in agreement with the zeta potential measured for AuNP-Ab bioconjugate. In a preliminary experiment, the position of the LSPR band of the colloidal solution of AuNP-Ab was monitored over time upon addition of SEA (1 μg/mL). Progressive shift of the LSPR band to the red Δλ = 5 nm was seen in approx. 1 h (Fig.  3A) . Further additions of SEA led to further shifts of the LSPR band which reached a total shift of Δλ = 11 nm upon exposure to 3 μg/mL SEA; no further shift was observed for higher SEA concentrations ( Fig. 3A and insert therein) . In parallel, the hydrodynamic diameter reached 131 nm and the Z-potential shifted form −18.9 to −11.8 mV (Fig. 2B and ESM Table S1 ). The same experiment was carried out with AuNP-SEA instead of free SEA. Similarly, progressive shift of the LSPR band to the red was noticed reaching Δλ = 7 nm at saturation (Fig. 3B) . In this case, a perceptible change in color from pink to purple was observed (Fig. 2B, right) as well as a significant increase of the absorbance between 600 and 700 nm (ESM Fig. S3 ) and a measured average D H of 404 nm by DLS (Fig.  2B and ESM Table S1 ). All these data are consistent with the formation of aggregates resulting from interparticle crosslinking through Ab/Ag interactions. In the envisioned competitive detection assay (see Fig. 1 ), the presence of SEA in the milieu was expected to lead to a Bde-aggregation^by breaking the Ab/Ag cross-linking through a competition between free SEA molecules and AuNP-SEA. Unfortunately, addition of free SEA to the mixture of AuNP-Ab and AuNP-SEA did not break the Ab/Ag cross-linking nor lead to particle dispersion as expected [32, 33] . Instead, further shifts of the LSPR band to the red occurred (Δλ=2 nm for [SEA] = 1 μg/mL and Δλ=3.7 nm for [SEA] = 2 μg/mL) possibly because all the available antibody binding sites were not occupied by the antigen from AuNP-SEA in the first place. Extension of the incubation time or change of the AuNP-Ab/AuNP-SEA proportion did not improve the results. We thus conclude that the competitive assay format is not feasible for SEA detection. In what follows, we explore the efficiency of AuNP-Ab in the one-step colorimetric assay of SEA in the direct format depicted in Fig. 1 .
Optimizing the homogeneous assay of SEA Since the Insplorion XNano II instrument employed for the LSPR measurements displays high spectral resolution (0.01 nm), we anticipated that much lower band shifts corresponding to lower analyte concentrations could be monitored. Real-time monitoring of the LSPR band position was undertaken upon addition of increasing amounts of SEA in the range 10 to 250 ng/ mL (Fig. 3C) . A progressive shift of the LSPR band was observed and a dose-response curve was established by plotting the band shift Δλ measured after stabilization (approx. 1 h) versus the concentration of analyte (Fig. 3D) . We also used DLS to explore whether it could provide analytical data on SEA detection. DLS results are shown in the ESM, Fig. S4 . Though the addition of SEA to the bioconjugate led to a perceptible increase in the hydrodynamic diameter starting from low SEA concentrations (ΔD H = 50 nm for 10 ng/mL) no consistent change could be observed upon adding higher amounts of SEA; the average hydrodynamic diameter was barely changed after the first addition.
Mathematical fitting of the dose-response curve in Fig. 3D using the Langmuir isotherm equation gave an apparent dissociation constant K D of 68 ± 13 ng/mL = 2.5 ± 0.5 nM. Therefore, anti-SEA maintained a high affinity for its target after conjugation. The limit of detection was calculated to equal 5 ng/mL = 0.2 nM from 3× the response of a blank sample (Δλ = 0.1 nm). The dynamic range was widened, and the assay sensitivity was improved as compared to our recently reported piezoelectric immunosensor for SEA [34, 35] ; In the direct assay format, using the same antibody reagent and a temperature-controlled quartz crystal microbalance platform, the LOD was 4 times higher, 20 ng/mL. We expect that the limit of detection may be further decreased by replacing the gold nanospheres by nonspherical gold nanoparticles that show higher refractive index sensitivity [4] . It is important to note at this stage that the presence of a plateau in dose-response curve observed in Fig. 2D is surprising if we consider the sensor response at higher SEA concentration plot in Fig. 2D with a higher saturation coverage. This might look controversial and our main hypothesis to explain this Fig. 4 Left: LSPR curves measured upon incubation of AuNP-Ab conjugate with unspiked milk (black trace) and at increasing incubation time (from 0 to 90 min) with 1 μg/mL SEA in milk (red to blue curves). Right: The first derivatives of the LSPR curves observation is that there would be two working ranges of the sensor: In the first one, at low SEA concentrations (up to 250 ng/mL), we measure a small shift upon SEA binding to AuNP-Ab bioconjugates. Within this format, we reach a first plateau in the detection mode around 3 nm. At higher SEA concentrations (above 1 μg/mL) the shift is higher and possibly ascribable to AuNP-Ab cross-linking through simultaneous recognition of SEA molecules by antibodies belonging to different bioconjugates; a sort of self-assembly of colloids through Ab/Ag interactions. We envision several experiments to explore this hypothesis, including cryo-TEM analysis at different analyte concentrations in upcoming work.
The same binding experiment performed by addition of 100 up to 2300 ng/mL bovine ß-lactoglobulin (a protein present in high concentration in the whey fraction of cow's milk) to the colloidal solution of AuNP-Ab did not lead to any significant change of the LSPR band (ESM Fig. S5 ), indicating that previous band shifts were indeed related to the highly selective binding of SEA to anti-SEA conjugated to AuNP.
We assessed the long-term stability of the AuNP-Ab bioconjugate. The same batch of AuNP-Ab bioconjugate, stored in the refrigerator at 4°C for 1 year was used to reproduce the LSPR experiments for direct detection of SEA. The suspension was visibly stable under storage period and the UVvisible spectra were identical to the original ones confirming that no aggregation occurred (ESM Fig. S6 ). Note that when antibodies are simply physisorbed on gold nanoparticles, aggregation occurred within less than 2 weeks. The results of LSPR assay of SEA after extended storage are shown in the ESM, Fig. S6 . The response of the sensor was similar to the freshly prepared bioconjugate showing a remarkable stability over time paving the way for a commercial use of the developed biosensor.
Finally, the nanoplasmonic immunosensor was applied to the detection of SEA spiked in milk. The absorption spectra obtained upon mixing AuNP-Ab with milk samples (whey fraction) spiked with SEA for increasing incubation time (0 to 90 min) are shown in Fig. 4 . These spectra were obtained using benchtop UV-visible spectrometer, nevertheless an obvious shift is observed upon incubation with spiked compared to unspiked milk: The unspiked milk sample gave a λ max = 531 nm whereas the milk sample spiked with 1 μg/ mL SEA gave a λ max = 535 nm in good agreement with data obtained in buffer.
To improve the precision of this measurement, we determined λ max following the zero value of the first derivatives of these spectra also shown (in Fig. 4 ). This methods described in reference [24] allowed us to measure a 7 nm shift at equilibrium. Following these promising preliminary results in milk, the analytical performances of these gold nanoparticleantibody bioconjugates in food matrices will be deeply investigated in future work.
Conclusions
Stable gold nanoparticle-antibody bioconjugate (AuNP-Ab) was engineered by covalently linking anti-SEA antibody to citrate-capped gold nanoparticles using Traut's reagent. This bioconjugate was studied in-depth by several characterization techniques and was remarkably stable after 1 year storage in the refrigerator at 4°C. Two formats of homogeneous binding assays of staphylococcal enterotoxin A (SEA) by localized surface plasmon resonance (LSPR) were set up based on a direct assay strategy, in which AuNP-Ab was reacted with SEA, and a competitive assay starting from a mixture of AuNP-Ab and AuNP-SEA bioconjugates. Correlation between plasmon shifts and SEA concentration was established when the anti-SEA antibody conjugated to AuNP was mixed with SEA in the free form or conjugated to AuNP. In the case of mixtures AuNP-Ab and AuNP-SEA bioconjugates (competitive format), a red-shift of the plasmon peak along with nanoparticle aggregation were observed. However, addition of free SEA to the mixture of AuNP-Ab and AuNP-SEA did not lead to particle dispersion suggesting that this competitive format is not feasible for SEA assay. The one-step LSPR assay of SEA with AuNP-Ab bioconjugate afforded remarkable analytical performances at the ng/mL level. SEA was assayed in both the ng/mL and μg/mL working ranges with a calculated limit of detection (LOD) of 5 ng/mL (0.2 nM). Moreover, the response of the sensor after 1 year storage at 4°C was similar to the freshly prepared bioconjugate showing a remarkable stability over time. Preliminary assays in spiked milk confirmed the efficiency of these bioconjugates for SEA biosensing in food matrix. The nanoplasmonic immunosensor described herein requires rather simple optical equipment and straightforward manipulations, and provides an attractive alternative to more bulky and expensive approaches for rapid and sensitive detection of SEA and other toxins.
